Abstract: This synthesis explores the state-of-the-knowledge and state-of-the-practice regarding the latest updates on polymer-modified bitumens (PmBs). The information in this study was gathered from a thorough review of the latest papers in the literatures related to modified bituminous materials, technologies, and advances. For this purpose, the paper is presented in two principle sections. In the first part, the bitumen itself is investigated in terms of chemical structure and microstructural systems. In the second part, the paper focuses on bitumen modification from different aspects for assessing the effectiveness of the introduced additives and polymers for enhancing the engineering properties of bitumen in both paving and industrial applications. In conclusion, the knowledge obtained in this study has revealed the importance of the chemical composition of base bitumen for its modification. It can be declared that while some polymers/additives can improve one or some aspects of neat bitumen properties, they can lead to compatibility problems in storage and production. In this respect, several studies showed the effectiveness of waxes for improving the compatibility of polymers with bitumen in addition to some benefits regarding warm mix asphalt (WMA) production.
Introduction

Bitumen Functionality
According to the European specification (EN 12597), bitumen is defined as a virtually involatile, adhesive, and waterproofing material derived from crude oil, or present in natural asphalt, which is completely or nearly completely soluble in toluene, and very viscous or nearly solid at ambient temperatures [1] . It is well-accepted that the original characteristics of bitumen are highly dependent on its production and processing procedure, as well as bitumen crude oil characteristics [2] . Good crude oils and proper distillation processes can enhance bitumen properties. Generally, heavier crude oil gives higher bitumen yields [3] . Therefore, having a complete knowledge on the bitumen characteristics from different aspects is of paramount importance. This knowledge proves to be more important when, for some bitumen applications, some difficulties such as discontinuity in phase, mal-dispersion, and instability with polymers/additives make it challenging in the production and application of bituminous materials.
From a commercial point of view bitumen is a low-cost thermoplastic material that has been widely used in roofing and pavement application, paving mixtures, and industrial products for a long time. In both paving and industrial applications, the bitumen should be resistant to climate and more demanding traffic loads, for which reason rheological properties play a key role in different aspects [4] [5] [6] . From a functional point of view, the bitumen has to be fluid enough at high temperature (≈160 °C) to be pumpable and workable to allow for a homogeneous coating of aggregate upon mixing. Moreover, it has to be stiff enough at high temperatures to resist rutting (according to the local temperatures, ≈60 °C). Finally, it must remain soft and elastic enough at low temperatures to resist thermal cracking [4] . All the mentioned requirements are almost opposite, and most of the available neat bitumens would not provide all the needed characteristics together. Moreover, in some applications, the performance of conventional neat bitumens may not be satisfactory considering the required engineering properties because it is brittle in a cold environment and softens readily in a warm environment. This limited performance temperature range is the main drawback to neat bitumen, limiting its use for both roofing and road paving applications. In addition, as the traffic speed and load has dramatically increased, unplanned overloading has notably shortened the life of asphalt pavements, increasing its costs of maintenance and risks to users. Hence in order to enhance the performance properties of neat bitumen, to date, a variety of additives have been introduced and some have been used successfully for many applications. Modifiers and additives have been used to boost bitumen performance include: polymers, chemical modifiers, extenders, oxidants and antioxidants, hydrocarbons, and anti-stripping additives. The following sections are dedicated to the discussion about bitumen chemistry composition in order to describe the main features and mainly to describe the additives used over the last few decades of research, providing a comprehensive and in-depth coverage of the science and technology of bitumen modifiers.
Bitumen Chemistry
From a chemical point of view, bitumen is defined as a viscous viscoelastic liquid (at room temperature) consisting essentially of hydrocarbons and their derivatives, which is totally soluble in toluene, substantially non-volatile, and softens gradually when heated [7] . It comprises a very great number of molecular species that vary widely in polarity and molecular weight [8, 9] . Elemental analysis show that bitumen composition is primarily determined by its crude oil source and it is difficult to give a specific geographical generalization [10, 11] (many suppliers also mix bitumen from different sources as well). This has been shown in a wide research by SHRP (Strategic Highway Research: Special Report) [12] . Based on this report, the main constituents of bitumen are carbon, which varies from 80 to 88 wt% and hydrogen ranging from 8 to 11 wt%. In addition, Heteroatoms and transition metal atoms (principally vanadium and nickel) are generally presents: sulfur (0 to 9 wt%), nitrogen (0 to 2 wt%), oxygen (0 to 2%), vanadium up to 2000 ppm, and nickel up to 200 ppm [10, 13, 14] .
From a molecular point of view, the main compounds of the polar heteroatoms above are: sulphides, thiols and sulfoxides, ketones, phenols and carboxylic acids, pyrrolic and pyridinic compounds, and most metals form complexes such as metalloporphyrins [14] . Molecular weight distribution analysis shows that bitumen is a complex mixture of about 300 to 2000 chemical compounds (medium value 500-700) making a complete chemical characterization very difficult. For this reason, bitumen is generally fractionated by simpler methodologies, which allow two principal constituents to be identified: I. Asphaltenes II. Malthenes (also called petrolenes)
Maltenes are then classified into saturate, aromatic, and resin, which together with asphaltene are known as the bitumen SARA (Saturate, Aromatic, Resin, Asphaltene) fraction. The relative abundance of the SARA fractions allows the bitumen chemical composition to be related with its internal structure and some of its macroscopic properties [15] . However, it should be noted that changes in experimental conditions (especially eluent nature) significantly affect the proportion of every bitumen fraction [10, 16] . It is, therefore, important to specify the experimental setup condition for comparing the various chemical compositions of bitumen, even though they show some common features and overall properties that remain substantially unchanged.
Asphaltenes
Asphaltenes, whose percentage in bitumen varies from 5 to 25% are amorphous brown/black solids at room temperature with particle dimensions between 5-30 µm, insoluble in n-heptane, but soluble in toluene [17, 18] . Asphaltene contains oxygen, nitrogen, sulfur, and heavy metals (V, Ni, etc.) in the form of complexes such as metallo-porphyrins with long aliphatic chains (up to 30 carbon atoms), and pyrrolic and pyridinic rings. As demonstrated by UV-fluorescence spectroscopy [19, 20] , Fourier transform infrared spectroscopy (FTIR) [20, 21] , X-ray raman spectroscopy [22] , and NMR spectroscopy [20, 23, 24] , asphaltene molecules consists of fused aromatic rings, most probably between 4 to 10 units, together with some aliphatic chains as ring substituents, as shown in Figure 1 (a) (b) Figure 1 . Asphaltene hypothetical structure: (a) Archipelago structure, and (b) continent structure (reprinted from [25, 26] with the permission of the American Chemical Society and OnePetro).
Owing to the presence of many condensed aromatic rings, asphaltenes form an almost planar structure that can associate by π-π bonding interaction to form graphite like structures (see Figure 2 ) [21, 27] Figure 2. Monomeric, dimeric, trimeric, and tetrameric structure of a Venezuelian asphaltene molecule (reprinted from [28] with permission of the American Chemical Society).
X-ray diffraction spectra of solid asphaltenes [29] [30] [31] have shown two main peaks: one amorphous at a 2 = 19°, mainly due to the aliphatic structures of the molecules, and a very wide diffraction peak at 2 = 26°, corresponding to the Bragg angle scattering of the (0,0,2) planes of graphite, meaning that the graphite-like crystals of asphaltene aggregates are very small [4] . As reported by Yen et al. [30] based on the half-width of the diffraction peak, they estimate the graphitelike structure size in the order of 2-5 nm with an average of five-unit sheets (see Figure 3) . Asphaltene aggregation is still maintained in solvent, where they associate to form the so-called "micelles" [14, [32] [33] [34] [35] whose size is principally determined by the solvent nature, asphaltene content, and temperature [28, 29, 35] . Asphaltene graphite-like stacking of the molecules has as consequences a high degree of electron delocalization, giving an overall negative charge [27, 36] a permanent electrical charge [37] , and a dielectric constant between 5 and 7 [38] [39] [40] . Finally, asphaltene association also has particular effects on the rheological behavior of bitumen [41] [42] [43] . A more detailed study on the asphaltene nature can be found in [44] 
Saturates
The saturated components in bitumen typically are within 0-15 wt% of the overall fraction. From a chemical point of view, saturates are complex mixtures of polyalkyl structures in which straight chain paraffins prevail as shown by FTIR measures [21] . Saturated fractions from blown bitumen are richer in long-chain paraffins than those from straight-run bitumen [45] . The saturate fraction is a mixture of pure aliphatics (linear and cyclic) [4] . As the content of saturates increases a decrease in the complex shear modulus and an increase in the phase angle of bitumen is expected because the saturate fraction is the lightest part of the maltenes, whereas the latter are a liquid part of bitumen which is complemented with solid asphaltenes [45, 46] .
Resins
Resins are dark brown solid (or semi-solid) compounds characterized by particle sizes of 1-5 nm, soluble in n-heptane, and structurally and compositionally similar to asphaltenes, except for a lower molar mass [47] . Resins are present in an amount ranging from 30 to 45 wt% and sometimes can be more polar than asphaltenes, but with less condensed aromatic rings [17] . Their polar nature enhances the adhesive properties of bitumen, but their principal role is as dispersing agents for the asphaltene macromolecular structures and oils, which are mutually insoluble. When bitumen is oxidized, resins gain oxygen molecules and the similarity of their structure to asphaltenes is enhanced. The bitumen characteristics are determined largely by the resins' asphaltene ratios [48] .
Aromatics
Aromatic oils are dark brown viscous liquids containing low molecular weight aromatic compounds. They have a slightly aliphatic carbon skeleton with lightly condensed aromatic rings and a molar mass ranging between 300 and 2000 g/mol. Aromatic oils make the highest fraction (40-65%) of bitumen. They have a high solvent power relative to high molecular weight hydrocarbons. Together with saturated oils they are considered as the plasticizing agents of bitumen [17] .
Bitumen Polymers
Polymers are macromolecules synthesized through chemical reaction between smaller molecules (monomers) to form long chains. The physical properties of the resulting polymer are determined by the chemical structure of the monomers and by their sequence inside the polymer. A combination of two different monomers that can be in a random or block arrangement gives a socalled copolymer. Polymers include a broad range of modifiers with elastomers and plastomers being the most commonly-used types. Polymer-modified bitumens (PmBs) are produced by the mechanical mixing or chemical reactions of a bitumen and one or more polymer in a percentage usually ranging from 3% to 10%, relatively to the weight of bitumen. In the first case, the mixtures are said to be simple, because no chemical reactions occur between the two partners in the system. In this case, the polymer is considered as a filler which gives specific properties to the mixture. In the second case, the mixtures are said to be complex, because chemical reactions or some other interaction occurs between the two partners in the system [49] .
Modified bitumens are characterized as a two-phase system: bituminous, prevalently as asphaltenic matrix, and polymeric matrix, which has been investigated from two different points of view.: 1) the complex interaction mechanism between bitumen and additive and 2) the influence of different type of bitumen modifiers aiming to study the rheological performance characteristics, temperature sensitivity, morphology, thermal behavior storage stability, and aging of the resulting PmBs.
From a bitumen/polymer interaction mechanism point of view, according to Polacco et al. [50] , polymer modification results in a thermodynamically unstable but kinetically stable system in which the polymer is partially swollen by the light bitumen components (maltenes) and can swell up to nine times its initial volume [51] . Competing for bitumen's light fractions, polymers tend to induce the micelles aggregation of the asphaltenes or to increase their degree of association, according to the nature of the original bitumen. At high temperatures, a relatively low viscosity of the melted microheterogeneous polymer-modified bitumen allows the substances with similar structure and polarity to form their domains: the swollen polymers and the asphaltenes. However, the thermodynamic instability of this system induces a phase separation (or sedimentation) under the influence of the gravitational field. Therefore, associated asphaltene micelles can settle to the bottom of the blend during static hot storage. According to this mechanism, the degree of phase separation of polymer modified binders can be influenced by storage conditions such as temperature and time. As shown by Lu et al., the phase separation will mainly be governed by the nature of the base bitumen and the characteristics and content of the polymer [8] . To date, different types of additives and polymers have been used for bitumen modification [52] . Table 1 summarizes the most common types of additives used as bitumen modifiers. In Table 2 are summarized the most common used modifiers found in the literature, which are discussed in this paper. Each of these groups associate with different pros and cons as a bitumen additive. In addition to the large group of polymers, other bitumen modifiers, such as polyphosphoric acid (PPA), sulfur, maleic anhydride, and different kinds of clays, have been introduced and experienced, in this respect, some success.
Thermoplastics Polymers
Polyolefinic plastomers, also known as thermoplastics, whose category includes: Polyethylene (PE), polypropylene (PP), ethylene vinyl acetate (EVA), ethylene butyl acrylate (EBA), and polyvinyl chloride (PVC). Polyethylene which can be found in in three forms; low-density polyethylene (LDPE), high-density polyethylene (HDPE), and linear low-density polyethylene (LLDPE) are the most common plastomers. The use of plastomers as polymers to obtain PmBs arose as a consequence of the high costs of the styrenic polymers and the degradation phenomena due to their unsaturations. On the contrary, polyolefinic plastomers have a low cost and high availability presenting also higher stability than styrenic ones. Polyolefin polymers addition generally increases the bitumen stiffness and a good rutting resistance [53, 54] . For these reasons plastomers play a leading role in PmBs in which they represent about 15% of the reference market. Reclaimed polyethylene is recovered from low-density domestic waste PE carry bags. Punith and Veeraragavan investigated an 80/100 pavinggrade bitumen with different PE ratios [55] . The blends were tested using Hamburg wheel track tests, resilient modulus tests, an indirect tensile test, and an unconfined dynamic creep test. The results analysis showed that the PE-modified asphalt mixtures exhibited better performance characteristics than conventional mixtures. Even though polyethylene and polypropylene are the most common plastomers used, their non-polar nature results in compatibility problems with bitumen also sharpened by their tendency to crystallize which deeply restricts the interaction with bitumen [4, 56] . In addition to compatibility problems of thermoplastics, these kinds of polymers also failed to increase the bitumen elasticity [53] . In an attempt to avoid the problems of compatibility and crystallization, other kinds of thermoplastics have been introduced. Principally, these modified polymers are obtained by inserting acetate groups, producing ethylene vinyl acetate (EVA) with vinyl acetate group content higher than 14%, ethylene methyl acrylate (EMA), and ethylene butyl acrylate (EBA). Esters groups of these polymers have the double advantage of increasing the polarity and reducing their crystallization tendency, disrupting the closely packed crystalline microstructure [50] . Both factors increase the bitumen compatibility and storage stability of the blend. In general, relative to the compatibility of plastomers with the bituminous matrix, it is believed that the higher the ester fraction is, a lower crystallinity is achieved. However, the crystallinity degree must be carefully balanced. If the crystallinity degree is to low, the lattice formed tends to be disrupted early after the crystals are interlocked with the bituminous fraction. In the EVA case, the optimal crystallinity degree is obtained using vinyl-acetate percentage ranging from 14% to 28%. However, despite the enhanced properties obtained by using EVA and other similar polymers, like compatibility, the problem of elastic recovery of polymer-added bitumen still remains [50, 53, 57] . Furthermore, the glass transition temperature of EVA which is dependent on the acetate content is not low enough to improve significantly the low-temperature properties of bitumen [58] . In this respect, Ameri et al. demonstrated that bitumen resistance to low-temperatures cracking can be increased by an amount of added EVA ranging between 2% to 4%, whereas it is decreased adding about 6% of EVA [59] .
Thermoplastic Elastomers Modified Bitumen
Thermoplastic elastomers can resist permanent deformation over stretching, and elastically recovers once the load is removed [53, 60] . Generally, thermoplastic elastomers used as modifiers are block copolymers of mono-or di-olefins. As mono-olefin unit the styrene molecule is used as mesomer, whereas as diolefin the butadiene or isoprene unit are normally used. The corresponding elastomers are called styrene butadiene styrene (SBS), styrene isoprene styrene (SIS), styreneethylene/butylene-styrene (SEBS).
Thermoplastic elastomer structure is generally linear and is characterized by weak inter-chain linkage. However, radial SBS copolymer are widely used as a bitumen modifier. Figure 4 represents the linear and radial SBS structures. As can be seen in Figure 4 the linear polymer is characterized by two polystyrenic blocks linked to a two-polybutadiene block, while in the radial structure polystyrene blocks make a radial configuration around the polybutadiene block. This structure distinction is decisive because it characterizes the final performances of the blend. It has been noted that radial structure offers a higher system stability and a better redistribution of the elastic and viscous components of bitumen. The elastic and sturdiness feature of styrenic elastomers are due to a three-dimensional lattice formed by the physical interlocking of the molecules. The three-dimensional vertexes of the lattice are formed by polystyrenic blocks, which form separated domains in a rubber matrix formed by polybutadiene units. A schematic representation is shown in Figure 5 . Polystyrenic blocks are responsible for the sturdiness of the polymers while polybutadiene blocks give elasticity. At temperatures above the glass transition of polystyrene (Tg = 100 °C) the latter softens with a consequent weakness of the PS domains. This allows an easier bitumen treatment. Upon cooling to room temperature, styrenic blocks reaggregate to re-form rigid domains restoring sturdiness and elasticity. Once SBS polymer is added, some interactions happen between the bitumen and SBS. Polystyrene blocks swell by absorbing light components of bitumen, which causes the hardening of the bitumen [63, 64] .
The repeatedly reported excellent properties, relatively good dispersibility in bitumen (dependent on the base bitumen composition), and acceptable cost have made SBS popular as a bitumen modifier. Many studies showed that the addition of SBS to the bitumen increases the softening point, decreases the penetration slightly, lessens the thermal susceptibility, increases the viscosity and decreases the Frass breaking point. It has also been observed that SBS moderates the increasing of stiffness due to the oxidation process simulated by short and long-term aging maintaining almost unaltered virgin bitumen properties also following RTFOT (Running Thin Film Oven Test) treatments.
The SBS concentration plays a fundamental role in polymer-added bitumen properties. Bitumen modification can be done by adding up to 7% of elastomers and, in some cases, different polymers can be used contemporarily. For soft and medium modifications polymer quantities are less than 4.5% (about 3% for soft modification and 4.2% for medium modification). For hard modifications added quantities are higher than 5%, while at low concentrations, SBS is dispersed as a discrete phase in bitumen, increasing the SBS concentration results in a phase inversion and two interlocked continuous phases are obtained: the bitumen rich phase and SBS rich phase typically shown in Figure  6 . The latter is characterized by two sub-phases: one formed by a swollen polybutadiene matrix and polystyrene domains [63] . In spite of many proven benefits regarding the use of SBS copolymers for bitumen modification, they are still far from perfect. For example, the compatibility between bitumen and SBS is not always that good and storage instability of SBS modified bitumen was reported even for bitumens containing a low quantity of polymer [66] [67] [68] . In other words, the same level of compatibility may not be obtained with different base bitumen as in the example shown in Figure 7 . In this respect, Airey has observed a competition between thermoplastic elastomers and asphaltenes to absorb the light components of bitumen in SBS/bitumen blends [64] . An insufficient amount of light components induces phase separation in modified bitumen. It was also noted that to produce a compatible and stable SBS modified bitumen a high aromatic content in the latter could be helpful [69] . In this respect, it has been observed that an improvement in compatibility between SBS and some bitumens with low aromatic content could be achieved by the addition of aromatic oils [65] . However, too high an aromatic content (70-80%) in modified bitumen can lead to swelling and anti-plasticization (i.e., an increase in its glass transition temperature) of some polystyrene blocks [70] , which is not good for the resulting properties of the modified bitumen. Lu et al. concluded that for the bitumens containing 50-60% of aromatic components, blends with linear SBS provide greater stability than those with radial SBS copolymer [71] . In addition to polymer chemical structure and concentration, it has been shown that the molecular weight of the polymer is also of paramount importance to bitumen/polymer compatibility. It has been shown that, an increase in molecular weight decreases entropy and blend stability. In this respect, linear and radial SBSs with similar S/B ratios were used by Lu et al. to study their respective blend stability. It has been observed that the use of the linear SBS produces a higher-stability blend than the radial one. This was ascribed to the lower molecular weight of the linear SBS used than the branched one. However, as Polacco et al. declares it is doubtful that a significant difference would have been observed if the linear and branched copolymers had similar molecular weights due to differences in molecular structure [46] .
Thermosets
Thermosetting plastics (TP)-two liquid compounds (resin and hardener) -are first blended together and then with the bitumen a few seconds before application as surface coating/surface dressing (main use) or before mixing with aggregates for the production of hot asphalts (occasional use) [72] . Thermosetting plastics are polymers that turn into a solid state while heated or impose hardness. Before hardening, TP molecules have a linear structure, the same as thermoplastics molecules, but the size of their molecules is significantly smaller. TP molecules are chemically active. They contain either double (unsaturated) bonds or other chemically active groups. Therefore, under certain conditions (at heating, irradiation, or adding hardeners) thermosetting molecules react with each other and form a continuous network. Epoxy, phenol-formaldehyde, carbamide, polyester, silicone, and other resins belong to TP [73] . It has been shown that when epoxy thermosets polymers are blended with bitumen the modified bitumen displays the properties of the epoxy rather than those of the bitumen [74] . Since the epoxy bitumen presents the properties of the thermosetting polymer, the available time to use the modified bitumen is limited and is determined to a great extent by the mixing temperature. The higher the temperature, the shorter is the time of use. After producing, the thermosetting bitumen begins to 'cure' and increase its strength (hardens) once it is applied. The curing time is according to ambient temperatures. The higher the ambient temperature, the longer is the curing time. Once curing is completed, future temperature increase, which would soften the conventional bitumen, does not affect the hardness of the thermosetting bitumen at all. The completely cured bitumen is designated as an elastic material having no viscous behavior. Even though the PmBs with thermosetting plastics have relatively high adhesion to the mineral particles and great strength they are not common for paving applications. This is because firstly, when entering these polymers, owing to the imposed hardening, the technological properties of PmB are almost immediately deteriorated; secondly, the rigidity of the PmB is increased at low temperatures, which results in increased thermal sensitivity; thirdly, the use of TP complicates the system and raises its price; and finally, the effectiveness of thermosetting plastics appears usually at their large quantities in bitumen (more than 10 wt%). Asphalt mixtures produced with thermosetting polymermodified bitumen have excellent adhesive ability, excellent resistance to deformation, excellent fatigue performance, and high stiffness modulus.
Natural and Synthetic Rubber
Natural Rubber
Natural rubber polymer could be easily synthesized through the chemical reaction of isoprene molecules. The resulting compound, the cis-1,4-polyisoprene with a chemical formula of (C5H8)n with high molecular weight is analogous to natural rubber [75, 76] . In each repeated unit of polyisoprene, the double bond presence makes the polymer easily undergo a vulcanization process. This consists in the addition of sulfur to change the properties of natural rubber into a thermoset [77] . From a physical point of view, the presence of complex molecular chains of polyisoprene gives natural rubber a large elasticity and resilience characteristics [78] . For practical application of natural rubber, vulcanization is needed. However, in this process rubber creates disulfide bonds between chains, limiting its degree of freedom and the chains speedily tighten. Thus, the rubber is harder and less extensible because of an increasing in elastic force [79] .
Natural rubber latex has been applied in the bitumen industry for over 30 years and is perceived to have potential for improving bitumen binder performance by improving thermal sensitivity, flexibility, stability, and stripping. In terms of thermal sensitivity, while at low temperatures it helps to dissipate the developed stress, preventing asphalt concrete cracking, at high temperatures it acts as a membrane, controls the asphalt flow, enhancing shear resistance [80] . In addition, its inherent elastomer properties proved that natural rubber latex has great potential for improving the long-term pavement performance of asphalt concrete [81] .
It has been found that rubberizing asphalt concrete not only increases the rut resistance, but also enhances fatigue life with the increase in resilient modulus [82, 83] . In addition to improving the mechanical and performance properties of asphalt concrete, in a study using both the Marshall method and a gyratory compacter it has been shown that natural rubber decreases the optimum binder content in asphalt concretes, increasing its density and stability [84] . From another point of view, liquid natural rubber (LNR) was found to be more efficient than latex for the aim of modifying bitumen binders. This is mainly because LNR blends easier with a binder, which results in a homogeneous binder [85] . In this form, natural rubber has more benefits compared to its conventional form, and the properties of the blend are comparable to those produced with synthetic rubbers.
Despite the benefits regarding the use of natural rubber in bitumen binder modification, there are some drawbacks that limit its use on a large industrial scale. Natural rubber is a highly valuable biomaterial compared to other biopolymers, hence natural rubber has been commercialized into synthetic rubber. This is mainly because of the huge difference between the available produced amount and the demand. From another point of view, even if several studies showed some benefits about the bitumen binders modified with natural rubbers for paving applications, there are still some doubts regarding to asphalt concrete performance and mechanical properties throughout the performance temperature range [86, 87] .
Synthetic Rubber
Synthetic rubber is a man-made rubber which is produced in manufacturing plants by synthesizing it from petroleum and other minerals. Synthetic rubber is basically a polymer or an artificial polymer. It has the property of undergoing elastic stretch ability or deformation under stress, but can also return to its previous size without permanent deformation. Styrene butadiene rubber (SBR), polyisoprene, and polybutadiene, polychloroprene, and tire rubber are some of the synthetic rubbers commonly used today. From the mentioned categories, synthetic rubber obtained from endof-life tires (ELTs) are common for producing rubberized bitumen binders for both paving and industrial application. To date many studies have investigated synthetic rubbers from different points of view. From these studies, it can be concluded that many factors can influence the performance and mechanical properties of rubberized binders including: the size and content of rubber [88] [89] [90] , the chemical structure [91, 92] , particles surface properties (ambient granulating or cryogenically crushed tire rubber) [93] , blend production method and temperature [94, 95] .
Among the aforementioned factors, probably the most important one is the optimum percentage of rubber in the binder. Many research works have been conducted comparing the performance and mechanical properties of mixtures containing different amounts of rubber. However, it greatly depends on the application method (dry or wet), when it is used in asphalt mixtures and the characteristics of the base binder. Regarding rubberized bitumen, ASTM D6114 defines asphalt rubber (rubberized bitumen) as material consisting of the virgin binder and a minimum of 15% crumb rubber (by the weight of total blend) [96] . In addition, many studies concluded that while a low rubber content, around 4% (to the weight of bitumen), has almost no effect, or at least no significant effects on the performance and mechanical properties of the binder, more than 20% was found to be unsuitable.
Bitumen Chemical Modifiers
Systematic investigation of mechanical, rheological, and aging properties, temperature sensitivity, morphology, and thermal behavior of different PmBs has shown some advantages and drawbacks [6, [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] . First of all, it has been shown that polymer modification improves some of the properties of bitumen, such as better elastic recovery, higher cracking resistance at low temperatures, and higher rutting resistance at high temperatures [96, 97, 102] . Secondly, some drawbacks have been observed, such as thermal instability and PmB's phase separation problems [68, 79] . The first attempts to overcome the PmB's drawbacks were started in the early 1990s, when Giavarini et al. claimed that PmBs could be stabilized by adding polyphosphoric acid (PPA) [112] . They also believe that PPA could help to improve storage stability of polypropylene-modified bitumens by changing the bitumen structure from sol to gel. From then, various attempts have been made to remove the drawbacks of the PmBs. In addition to physical blends of bitumens and polymers, another way to improve the binder properties is through chemical modification, which uses the chemical agent as an additive to modify the characteristics of pure bitumen.
To date many chemical agents have been introduced for the target of bitumen modification, such as: organo-metallic compounds [113, 114] , sulfur (S) [66, [115] [116] [117] [118] [119] [120] [121] , polyphosphoric acid (PPA) [122] [123] [124] , sulfonic acid [125] , carboxylic anhydrides [126] [127] [128] , silanes [129, 130] , thiourea dioxide [131] , nanocomposite-modified bitumen [132] [133] [134] [135] [136] [137] [138] [139] [140] , and reactive polymers [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] . However, from the above-mentioned chemical compounds only a few of them have been used practically. Sulfur (S), polyphosphoric acid (PPA), reactive polymers, maleic anhydride (MAH), and polymer/clay or polymer/layered silicate (PLS) nanocomposites are the most common chemical agents.
Sulfur Modifier
The early applications of sulfur as a modifier involve its use in large quantities without other materials, such as polymers [115, 116] . Some commercial products, named as "sulfur extended bitumen" (e.g. Shell Thiopave®, Shell Brands International AG, Baar, Switzerland [52] ) are obtained using this methodology, in which many parameters should be considered. Among the factors that control the reaction between sulfur and bitumen, the mixing temperature plays a determinant role. Below 140 °C sulfur can be incorporated into the bitumen molecules or can form hydrogen sulfide via dehydrogenation reaction. Higher temperatures allow C-S bond formation promoting a dynamic vulcanization of bitumen. It induces bridge formation within aromatic and naphthenic components modifying the chemical composition and colloidal structure of bitumen. Some authors also suggested that sulfur could self-polymerize when added to the binder [156] . However, nowadays, sulfur is added in very small quantities to bitumen where the polymers are the main modifiers. Some studies [120, 121] have also shown that sulfur vulcanization made the PmBs more susceptible to oxidative aging and concluded that it is not a good idea to use sulfur as a sole additional modifier.
The first studies that used a small quantity of sulfur to increase the polymer/bitumen interaction date from the early 1970s when Petrossi proposed a method for preparing a rubber-modified bitumen. He blends bitumen with rubber (natural or synthetic) at 145 to 185 °C and after slightly reducing the temperature (125 to 160 °C) added 0.3 to 0.9% (by the weight of rubber) of sulfur. A freeradical vulcanization accelerator is also added to aid vulcanization [157] . Later on, Maldonado [158] proposed a different procedure starting with the preparation of a homogeneous PmB by stirring bitumen and SBS for 2 h at 130 to 230 °C and then adding 0.1 to 3 w/w% of sulfur and stirring for another 20-60 min. However, the exact reaction of sulfur-polymer-bitumen system is not completely clear. It was supposed that sulfur crosslinks the polymer molecules and links polymer and bitumen through sulfide and/or polysulfide chemical bonds. This assumption comes from the well-known process of vulcanization of unsaturated rubbers.
Further investigation on this topic was carried out by Wen et al. [117, 118] . They prepared a lowviscosity homogeneous bitumen/SBS/sulfur blend by heating it to a temperature of 120 °C. This limits the occurrence of reactions between bitumen and sulfur or the vulcanization of SBS. Finally, an increase in the temperature in the range of 150 to 180 °C allow these reactions to start. Possible evidence of this fact is that, unlike the two binary systems, an increase of the torque to maintain a constant rpm for the ternary bitumen/SBS/sulfur blend was necessary. The authors also hypothesized a vulcanization of both the unsaturated rubber and the functionalized bitumen components by the aid of sulfur, which creates interconnections between the polymer and bitumen. It has been claimed that these connections increase blend storage-stability by linking the polymer with the bitumen components through covalent chemical bonds. Later, Martınez-Estrada et al. [159] reported more indirect evidence for vulcanization. In this study a detailed rheological characterization of bitumen/SBS/sulfur and bitumen/SB/sulfur blends was performed. The importance of the homogeneity of the blend before sulfur addition has been also highlighted. In this respect a fast vulcanization, and consequently a useless material, could be observed if a too early sulfur addition is carried out. An appropriate sulfur bridge distribution is also important for a good chemical compatibility. To avoid freezing the blend's morphology at an earlier stage, good polymer dispersion and swelling must be achieved before network formation. Finally, the risk of gelation must be avoided. An "anti-gelling" adjuvant with the formula R-X, where R is a C2-50 monovalent organic radical and X is an acidic function (carboxylic, sulfonic, phosphoric) has been used. Other solutions were proposed by Chevillard et al. and Ho et al. [160, 161] .
Many studies have shown that the use of sulfur as modifier improves the properties of some PmBs. In this respect it has been shown that sulfur enhances the storage stability, the elasticity, the deformation resistance, and some rheological properties of the PmBs [66, 119, 162] . From the rheological point of view, PmBs added with sulfur show a "more elastic" behavior compared to the ones without sulfur [66, 118, 163] . However, the use of sulfur as a chemical modifier has shown some drawbacks. First of all, the reaction of sulfur with polymer modifiers is based on the chemical reactions between sulfur and the double bonds of the polymer, so the use of sulfur is limited to PmBs modified by unsaturated polymers. The risk of obtaining nonhomogeneous PmBs during the polymer and sulfur addition into bitumen, is due to the difficulty of distributing the sulfur throughout the mixture. Moreover, local over-vulcanization of the polymer was detected. Replacing elemental sulfur with a more bitumen soluble polysulfide like di-hydrocarbyl polysulfide, represents a possible solution to this problem [164] . However, the emission of the hazardous health gas hydrogen sulfide during preparation of the bitumen/polymer mixes is the main drawback to the use of elemental sulfur. Hydrogen sulfide could be generated during sulfur vulcanization through the abstraction of hydrogen atoms in both bitumen and polymer modifiers, especially at high temperatures [165] [166] [167] . Some researchers argued that the gaseous emission is relatively small and most manufacturers know how to deal with the associated risks and dangers. The use of other sulfurbased agents as alternatives to elemental sulfur was introduced to eliminate, or at least reduce, such emissions. Compounds like benzothiazole sulfonamides, di-thiocarbamates, thiuram sulfates, morpholine sulfates, and caprolactam sulfates. Zinc mercaptobenzothiazole, zinc oxide, and dithiodimorpholine, as well as compositions without elemental sulfur, such as mercaptobenzothiazole, zinc oxide, mixed polythiomorpholine zinc 2-mercaptobenzothiazole, and dithiodimorpholine, were reported [168] [169] [170] . Nevertheless, the undesired formation of hazardous hydrogen sulfide has been observed also using this sulfur source. Shell Oil Company [171] used a disulfide that does not release sulfur at high temperature mixing. It has been claimed that the disulfide, instead of a conventional source of free sulfur, enhances compatibility between the polymer and bitumen. Diaryl disulfides were firstly proposed. However, all these additives are so expensive that they have not, in general, been used commercially. Finally, the poor recyclability of sulfur PmBs is another problem with sulfur vulcanization. All these drawbacks limit the application of sulfur vulcanization in PmB.
PPA-Based Techniques
Among the different acids that can be used to improve bitumen properties through chemical modification, polyphosphoric acid (PPA) has been studied in numerous papers and patent publications [172] [173] [174] [175] [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] . From a chemical point of view PPA is an oligomer of phosphoric acid (H3PO4), with no free water, which may have more than 10 repeating units [122] .
The bitumen modification of PPA appears to be a complex physico chemical process, and the resulting properties may be strongly dependent on the bitumen nature. The difficult investigation of the reactions between the bitumen molecules and PPA is due to the large number of molecules with different chemical structures and their possible interactions. In this respect, an NMR investigation has shown that PPA tends to revert to orthophosphoric acid after mixing with bitumen [123] . Orange et al. claim that PPA neutralizes polar interactions between the asphaltene molecules, by protonation of basic sites or through esterification [186] . Co-polymerization, alkyl aromatization of saturates, and so on are other classes of reactions that have been proposed. A more detailed description can be found in [4, 122, 186] . From a thermal and rheological point of view bitumen/PPA blends [185] [186] [187] [188] have shown an increased high-temperature performance with no significant changes in the lowtemperature ones. It has been also found that PPA can improve the storage stability of PmBs. Giavarini et al. [112] used three ethylene-propylene copolymers of different molecular weights (MWs) and crystallinity to modify four different bitumens. In all cases, at a minimum amount of 3 %wt. of PPA added polymer segregation showed a remarkable reduction.
However, it should be noted that this improvement could be dependent on many factors, like polymer type and the quantity of PPA, as shown recently by Zhang and Hu [189] .
Reactive Polymer Modifiers
Reactive polymers, also known as reactive ethylene terpolymers (RET) because of their ethylenebased structure, are polymer-based compounds grafted with reactive groups derived from, glycidyl methacrylate (GMA), acrylic acid, etc. The use of these types of polymer has been introduced to increase the compatibility between polyolefin (e.g., PE, PP, etc.) and bitumen by creating covalent linkages. Polymer grafting is a good solution and often simple to realize because it involves a singlestep melt process. However, a possible drawback is the uncontrolled and undesired crosslinking of unsaturated polymers because of the radical mechanism of the grafting. Therefore, saturated polymers, such as styrene-ethylene-butylene-styrene (SEBS), PE, PP, etc., are more suitable for this process.
Owing to acrylic functionalization, the use of reactive polymers showed some advantages, like increased polarity and reactivity. However, higher costs compared to the other types of polymers and gelation problems due to the rather high number of reactive groups on a single macromolecule are the mainly-reported disadvantages that have been observed. To overcame these drawbacks, the amount of RET that could be used is around 2 to 2.5% and, in many cases, is even lower than 1% by weight [143] . Owing to these problems RETs are not ideal as bitumen modifiers, because the overall effect on the performances can be quite poor [143, 190, 191] . Therefore, their use could be mainly for increasing the compatibility between bitumen and other polyolefins, as shown by Yeh et al [144] . In this respect, using differential scanning calorimetry (DSC), they demonstrated an improvement in the bitumen/polymer interactions relative to unfunctionalized PP. Recently, two poly(ethylenebutylacrylate-glycidylmethacrylate), known as Elvaloy® AM and Elvaloy® 4170 (produced by DuPont, Wilmington, DE, USA), were blended with neat bitumen in order to study the blend storage stability [192] . After high-temperature storage a complete homogeneity of all the samples was observed. This indicates the use of RET basically guarantees the storage stability, although under severe conditions of temperature and storage time another study has shown the instability of the blend [193] . Low-density polyethylene (LDPE) was used to compare the storage stability properties of blends prepared by using LDPE before and after grafting with GMA [148] . As can be observed from Figure 8 the use of GMA-grafted LDPE shows a higher stabilizing effect than LDPE. Finally, a particular mention goes to silicon-based polymers like polyoxyalkylene with reactive silicon groups which form siloxane bonds by the silanol condensation reaction [194] .
Maleic Anhydride
Maleic anhydride (MAH) is an unsaturated cyclic (five atom ring) compound with molecular formula C4H2O3. It has been widely used as a bitumen modifier and bitumen-polymer compatibilizer. MAH-bitumen interaction is characterized by complex mechanisms (copolymerization with bitumen molecules [126] or Diels-Alder reactions [195, 196] ). Nevertheless, it has been shown that meaningful physical properties change of bitumen are induced by MAH. In this respect Nadkarni et al. [197] studied a bitumen containing different amounts of MAH in terms of dynamic mechanical analysis (DMA), melt viscosity, and softening point. The results have shown that the chemical modification of bitumen with MAH improves the cracking resistance at low temperature and cohesive strength at high temperature.
Chemical reactions between MAH and bitumens were also investigated by comparing the effects of MAH and the related di-acids and anhydrides such as succinic anhydrides (SAH). The results of FTIR and gas chromatography-mass spectroscopy analysis showed the presence of two acid groups (-COOH) for both MAH and SAH. This leads to the conclusion that the two anhydrides undergo ring opening to give the corresponding di-acid. Moreover, in the case of MAH, the disappearance of the double IR bond signal was noticed. This fact could be explained by its reaction (or coordination) with bitumen molecules [126] .
From another point of view, several studies have shown that the rheological properties of the blends obtained by adding to a bitumen MAH, SAH and different di-acids follow the order: MAH > SAH ~ dicarboxylic acids > monocarboxylic acid.
These results suggest the hypotheses that the two carboxylic acid groups are able to link two bitumen molecules. The better result obtained by adding MAH to the bitumen was hypothesized to be due to the double bond of MAH that interacts by coordination or other bonding mechanism to the bitumen molecules creating an additional linking. However, a recent study has shown controversial results about the MAH-bitumen reaction. In this respect, new FTIR analysis has shown that the IR band due to the MAH ring was retained during the MAH-bitumen reaction [127] . This observation, leads to the hypotheses that both Diels-Alder and π-π charge-transfer mechanism are involved instead of a ring opening process. The π-π charge-transfer process was possible because of the polynuclear aromatic nature of asphaltenes which act as donors in the charge-transfer processes. However, although the high reactivity of MAH could be used to improve the bitumen properties by promoting its interactions with polymers, this high reactivity raises drawbacks related to its handling and storage. A solution to these problems is achieved by synthesizing a polymer-MAH in advance and then modifying the bitumen with this modified polymer, namely creating a reactive polymer (see Section 3.3). However, a further purification step is needed to eliminate unreacted MAH monomers, increasing the costs.
Recently Becker et al. [198] , compared storage stability of PmBs prepared using SBS, SEBS, and two commercial SEBS-grafted MAH with different MAH content. SEBS-grafted MAH showed the best storage stability, although it did not improve significantly the rheological behavior of the binder.
Nanocomposite Modifiers
Polymer/layered silicate nanocomposite (PLS) (aka polymer/clay nanocomposites) has been, and are still, widely used in polymer science research. Layered silicate can improve the polymer properties, such as mechanical properties, heat resistance, decreasing gas permeability and flammability, and increasing biodegradability [199] [200] [201] . The most commonly used silicates for preparation of PLS nanocomposites are hectorite (Mx(Mg6-xLix)Si8O20(OH)4) and montmorillonite (MMT; Mx(Al4-xMgx)Si8O20(OH)4) that belong to the same general family of phyllosilicates. As shown in Figure 9 they have a crystal structure made up of layers composed of two tetrahedrallycoordinated silicon atoms fused to an edge-shared octahedral sheet of either aluminum or magnesium hydroxide. The layer thickness is around 1 nm, and the lateral dimensions of these layers may vary from 30 nm to several microns or larger, depending on the particular layered silicate. [199] with the permission of Elsevier).
Due to the hydrophilic nature of layered silicates, it is very difficult to disperse them into polymer matrix and in most cases separation into two discrete phases takes place. The most common way to overcome this problem is to replace the interlayer cations (Na + , K + , etc.) with cationic surfactants, such as alkyl ammonium or phosphonium, preferably with long alkyl chains. The surfactants have a double role: 1) reducing the surface energy of the inorganic host and 2) improving the wetting characteristics of the polymer matrix. Additionally, their functional groups can react with the polymer matrix, and in some cases initiate the polymerization of monomers to improve the strength of the interface between the inorganic and the polymer matrix [202, 203] . Increasing interactions between the polymer and the layered silicate in PLS nanocomposites led to the dispersion at the nanometer level of organic and inorganic phases. As a result, nanocomposites exhibit unique properties not shared by their micro counterparts or conventionally-filled polymers.
Furthermore, depending on the strength of interfacial interactions between the polymer matrix and layered silicate, three different types of PLS nanocomposites are thermodynamically achievable (see Figure 10 ): I.
Intercalated nanocomposites: these are obtained by the insertion of few molecular layers of polymer into the layered silicate structure. From the crystallographic point of view this insertion occurs in a regular way. II. Flocculated nanocomposites: conceptually, this is the same as intercalated nanocomposites. However, silicate layers are sometimes flocculated due to hydroxylated edge-edge interaction of the silicate layers. III. Exfoliated nanocomposites: in these compounds the individual clay layers are separated in a continuous polymer matrix by an average distance that depends on clay loading. [199] with the permission of Elsevier).
The preparative methods of PLS can be divided into three main groups according to the starting materials and processing techniques. 1) From solution: the layered silicate is first swollen in a solvent of the polymer, such as water, chloroform, or toluene. When the polymer and layered silicate solutions are mixed, the polymer chains intercalate and displace the solvent within the interlayer of the silicate. Upon solvent removal, the intercalated structure remains, resulting in PLS nanocomposite. 2) In situ polymerization: the layered silicate is swollen within the liquid monomer or a monomer solution so the polymer formation can occur between the intercalated sheets. Polymerization can be initiated either by heat or radiation, by the diffusion of a suitable initiator, or by an organic initiator or catalyst fixed through cation exchange inside the interlayer before the swelling step. 3) Melt intercalation method: this involves an annealing process, statically or under shear, of a mixture of the polymer and an organically-modified layer silicate (OMLS) above the softening point of the polymer. This method has great advantages over the other two. First, it is environmentally benign due to the absence of organic solvents. Second, it is compatible with current industrial process. The melt intercalation method allows the use of polymers which were previously not suitable for in situ polymerization or solution intercalation.
In several studies, clays were used as compatibilizer agents in polymer blends. In this respect, clay localizes at the interfacial bitumen-polymer region reducing the interfacial tension. As a consequence, the "minor phase-dispersed" particles lose the typical rounded shape they possess in the pure polymer blends, and a finer dispersion is obtained [204] [205] [206] [207] [208] [209] [210] [211] [212] [213] . Based on this fact, the studies have been focused mainly on their effects on the compatibility between bitumen and polymers. As the results have shown a considerable increase in the bitumen/polymer compatibility, it has been suggested that using ternary bitumen/polymer/clay (BPC) systems, the PmB's performances may be improved. In particular it has been claimed that the use of PLS in PmBs has mainly two effects: 1) improving the aging resistance of PmB with barrier properties of the dispersed clay platelets and 2) enhancing the storage stability of PmB by decreasing the density difference between polymer modifiers and bitumen [68] .
3.5.1. The Bitumen-Polymer-Clay Ternary System Among the three preparatory methods of PLS described above, melt intercalation is the one that can be easily applied to bitumen modification due to its compatibility with current industrial processes and with all types of thermoplastic polymers. Bitumen, polymer, and clay can be mixed in a single step known as physical mix (PM) (see Figure 11) . Otherwise, two consecutive steps could be employed: 1) nano-composite preparation and 2) addition to a bitumen. Globally, the process is known as master batch (MB). The use of one (PM) or the other (MB) method is very important and can give different results. These two methods were applied and studied in different research works, in which different polymers and clays were reported for the production of bitumen/polymer/composites (BPC). SBS and kaolinite [132] , SBS and organobentonite [214] , poly(styrene-b-ethylene-b-butene-b-styrene) (SEBS) and kaolinite [133] , and LDPE or EPDM and silica [134] were the primary compounds which have been studied. In all the previously reported cases, different ratios of polymer-clay nanocomposites were firstly prepared and successively added to bitumen. Storage stability, blend morphology, and mechanical and rheological properties of the BPCs were characterized. Tube tests to evaluate the storage stability of the blend were made. In all cases, storage stability was observed. To justify these results, it has been hypothesized that clays tend to reduce the density gap between the polymer rich phase (PRP) and bitumen asphaltene rich phase (ARP) by locating themselves preferentially in the PRP phase. However, this was not directly supported by experimental evidence.
In this respect, the recorded values of softening points are certainly consistent with this interpretation being considered as evidence. Ouyang et al. [133] lists the softening points of the top and bottom sections of the tube test for the bitumen/SEBS/kaolinite mixes (see Table 3 ). Table 3 . SEBS/KC-modified bitumen storage stabilities at high-temperature (from Table 4 of [133] with the permission of Elsevier). As can be seen from Table 3 , for a given SEBS content, the ΔS parameter whose magnitude is indicative of the blend stability (higher magnitude equals lower stability), decreases as clay content increases. Moreover, for the sample of 4% SEBS this difference become negative indicating that the Polymer Rich Phase (PRP) migrates toward the bottom of the tube. At high clay contents, negative values for the ΔS were obtained. This could be explained by considering that the polymeric rich phases become heavier than the asphaltenic rich phase (ARP). A balance of PRP and ARP densities obtained at well-defined clay amounts, inducing a storage stability. An LDPE-modified bitumen also has shown a similar effect [134] . However, storage stability is not simply due to a decrease in density difference between the PRP and ARP phases. Several studies have shown that compatibility between bitumen and polymer also plays a fundamental role [215] . Therefore, the improved storage stability can be ascribed mainly to two factors: decrease in density difference between the PRP and ARP phases and, to a greater extent, to a real bitumen/polymer compatibilizing effect. Furthermore, the preparation procedure also plays an important role. As can be seen from Table 3 , the only mix found unstable during the high-temperature storage was prepared using the PM method. This, in accordance with the idea that the clay resides preferentially in the PRP leads to a conclusion that only with a pre-formed nanocomposite storage stabilization could it be achieved. This point was confirmed by other researchers who studied different systems, such as a styrenebutadiene rubber (SBR) with a palygorskite-and organo-modified palygorskite clays [216] . This paper studied the storage stability of the blends and the importance of the preparation procedure. Polacco et al. [136] investigated the internal structure and nanocomposite nature of the blends. In this research a neat bitumen (NB) and SBS were modified with OMMT (Cloisite 20A, referred to simply as 20A) through melt mixing, obtaining two blends of bitumen/clay and polymer/clay: (1) SBS/20A, (2) NB/20A. Ternary blends were then prepared using both PM and MB methods: (3) NB/SBS/20A PM, and (4) NB/SBS/20A MB. Figure 12 reports the X-ray diffractometry (XRD) characterization, which was performed on virgin materials (bitumen, polymer, and clay) and blends. A comparison between the binary blend NB/20A and the 20A alone shows that the clay's interlayer spacing almost doubled. This was attributed to bitumen intercalation. A partial exfoliation of the stacks can also be seen. Moreover, storage tests showed the absence of phase separation, confirming a high degree of interaction between NB and 20A. As shown by the XRD pattern, intercalated nanocomposites were also obtained in the SBS/20A binary blends. The interlayer spacing was found to be independent of the clay quantity, but it was lower than that of NB/20A blends. This suggests that the clay had higher compatibility with the bitumen compared to the polymer. Regarding ternary blends, XRD patterns show that both mixing processes (PM, MB) give intercalation with interlayer spacing equal to that obtained by mixing bitumen and clay without the polymer. This may indicate that the degree of intercalation is substantially determined by the bitumen molecules and is independent of the mixing sequence. This could be explained by considering that the polymer chains are present in a very small amount compared to the bitumen molecules and they interact with a limited amount of clay stacks. Therefore, polymer chains, even if already intercalated between some of the clay platelets, are not expected to inhibit the interactions between clay and the small and abundant bitumen molecules. On the contrary, the ability of the polymer molecules to intercalate the clay stacks is strongly influenced by the mixing sequence. Finally, once the clay-polymer interactions are established, bitumen molecules are not necessarily expected to substitute the polymer chains in clay interlayers. For these reasons the similarity in the XRD spectra does not necessarily mean a similarity in the internal structure of PM and MB mixes.
Formulation S (°C)
From a morphological point of view, Figure 13 shows three different systems: a) the binary NB/SBS blend, b) NB/SBS/clay PM blend, and c) NB/SBS/clay MB blend. As can be seen NB/SBS blend is characterized by a biphasic morphology, which results in high-temperature storage instability. The NB/SBS/clay PM blend still shows a biphasic pattern, but the smaller microdomains indicate an improved compatibility and stability of the system. A further improvement of the morphology is observed for the NB/SBS/clay MB blend, which has the canonical aspect of a perfectly compatible PmB pattern. In addition, Figure 13a ,b show the important role of clay, which favors the contact between the polymer chains and those bitumen molecules that would otherwise be confined in the ARP. Clays acts as the substrate where polymer and asphaltene molecules come into contact, reducing the differences in composition between the PRP and ARP phases. Later, Sureshkumar et al. [217, 218] prepared different PmBs using EVA as a polymer and studied the effect of two different organoclays: 20A and another OMMT known as Dellite 43B (namely referred to as 43B). Figure 14 shows the fluorescence microscopy images of the blends studied. The pictures show results similar to those described for SBS. However, clay 43B has a compatibilizing effect less pronounced than 20A. The differences observed among the blends prepared using PM or MB are reflected in the macroscopic behavior. Rheological tests have shown an improvement in thermo-mechanical properties of the ternary blend prepared using MB. Therefore, the MB procedure is preferable to the PM since it guarantees better homogeneity, stability, and mixture performance. However, the PM has the advantage of being simpler from a practical point of view because it involves a single step using classic paving equipment.
PmBs in Warm Mix Asphalt (WMA) Technology
A new kind of polymer-modified bitumen technology has been introduced in recent years. It combines the classic ones (PmB) with the warm mix asphalt technique (WMA). One of the methodologies employed to shift from hot mix asphalts to warm ones is based on the use of waxes. This is due to the fact that above their melting temperature, they act as plasticizers, while at low temperatures they crystallize and act as fillers [4, 219, 220] . While the PmB is well consolidated the WMA is relatively new, but rapidly growing, due to its economic and environmental advantages. Compared with classic hot mix asphalts (HMA), warm mix ones, in general, are characterized by lower fuel consumption and costs, lower production of greenhouse gases, fumes, and odors, which improve the environmental impact and working conditions, extension of haul distances, and good workability during laying and compaction [219] . Although naturally present as constitutive components of all crude oil products [221, 222] and studied in the technical literature, where bitumen wax content [223] [224] [225] , crystallization properties [226] , chemical structure [227, 228] , and influences on bitumen and bitumen mixture properties [220, 223, [229] [230] [231] [232] [233] [234] were analyzed, waxes affect the binder performances. For example, wax melting can soften bitumen at high service temperature, reducing rutting resistance of the pavement, while at low temperatures wax crystallization can increase stiffness and sensitivity to fatigue and thermal cracking [219, 223, 234] . Nowadays there is an increase development about warm polymer modified bitumen which can maintain the advantages of both technologies (WMA and PMB) although this is not an easy task because waxes used as warm modifiers reduce the high temperature viscosity while increasing the low temperature stiffness and polymers do basically the contrary [219] ; simply adding the two modifiers does not guarantee the enhancement of bitumen properties like those obtained by adding single ones. For example, a ternary mixture bitumen/polymer/wax has significantly different properties (like viscoelasticity) from those predictable by superposing the effect of wax and polymer only and the final warm effect and performances of the binder will be determined by the interactions between the three components. Scientific studies on this ternary mixture are still limited. Edwards et al. [235] for example, studied the addition of paraffinic waxes to a polymer-modified mastic bitumen, showing that a 4% wax addition improves workability of the mastic bitumen without affecting its performances. Kim et al. [236, 237] studied the artificial long-and short-term aging of a PmB mixed with wax additives. Other studies analyzed the properties and pavement performance, compacting temperatures, long-term performance [238] , fatigue characteristics [4] , thermo-mechanical properties [239] , and viscosity and rheological properties [240] . Rossi et al. [219] conducted a preliminary investigation by mixing bitumen, SBS, and three typologies of wax chosen among the three categories: paraffinic (obtained by Fischer-Tropsch process), partially oxidized and maleic anhydride functionalized. By morphological and calorimetric analyses and solubility tests they were able to characterize blend behavior related to wax type. In particular, they found that paraffinic waxes preferentially reside in the polymer-rich phase and slightly enhance the bitumen polymer compatibility. Partial oxidation tends to aggregate with the asphaltene rich phase reducing compatibility with the polymer, while functionalized wax, although not clear where they are located, has a considerable compatibilizing effect strongly altering the colloidal equilibrium of the bitumen polymer blend.
Concluding Remarks
This paper summarizes the findings obtained from an extensive literature review focused on the basic aspects related to different types of bitumens, processing technologies and polymers, chemical and nanocomposite-modified bitumen characterizations' pros and cons, as well as identifying corresponding areas of study for future perspectives. The comprehensive review implies that the relative abundance of the bitumen SARA fractions results in significant differences in bitumen chemical composition and further mechanical properties. It is evident that different types of processing of crude oil result in bitumens with different chemical compositions. This also has a great influence on the compatibility with any polymer through polymer modification.
The author believes that the widespread use of the PmB technologies within the road pavement industry is advisable considering the genuine shortcomings of neat bitumens and the heavy-duty pavements of current transportation networks.
The review conducted on the different kinds of PmBs can be concluded as the follows:  While plastomer-modified bitumens are suitable for improving the permanent deformation resistance of the bituminous compounds and asphalt concrete mixtures over high stresses, the absence of elasticity at low temperature limited the application of these bitumins.  The field recorded data, as well as experimental works, showed that plastomer-modified bitumens, such as polyethylene and polypropylene, are the most common plastomers resulting in compatibility problems. This is due to their non-polar chemical nature.

Despite the thermal and aging stability of plastomer-modified bitumens due to the absence of double bonds, the main problem resides in the stability of the blend (polymer + bitumen) during storage and difficulties to disperse them homogenously in the bitumen matrix.  Thermoplastic elastomer copolymers, owing to their elastic component, are usually more effective than plastomers for bitumen modification in pavement applications. The modification ranges from low-modified containing 3% polymer to a high level with polymer content of 7%.
 Bitumen modification via styrene butadiene styrene (SBS) as the most commonly used elastomer has numerous benefits, including the improved thermal susceptibility, increased softening point, and slight decrease of penetration value at 25 °C. In addition, it has been observed that SBS can moderate the increase of stiffness due to oxidation processes.  Bitumens modified with thermosetting polymers show a high elasticity and no viscous behavior. Asphalt mixtures produced with thermosetting polymer-modified bitumen have excellent adhesive ability, excellent resistance to deformation, excellent fatigue performance, and high stiffness modulus. Even though the PmBs with thermosetting plastics have relatively high adhesion to the mineral particles and high strength they are not common for paving applications. This is because the technological properties of PmB are almost immediately deteriorated by these polymers due to their hardening properties; secondly, the rigidity of the PmB is increased at low temperatures, which results in increased thermal sensitivity; thirdly, the use of TP complicates the system and raises its price; and, finally, the effectiveness of thermosetting plastics usually appears due to their large quantities in bitumen (more than 10 wt%)  Natural rubber latex has potential for improving bitumen binder performance by enhancing the thermal sensitivity, flexibility, stability, and stripping. In addition, its inherent elastomeric properties proved its high potential in improving long-term pavement performance of asphalt concrete by increasing rutting resistance, fatigue life, etc. Natural rubber also decreases the optimum binder content in asphalt concretes, increasing its density and stability. However, natural rubber is a highly valuable biomaterial compared to other biopolymers, hence natural rubber has been commercialized into synthetic rubber. This is mainly because of the very large difference between the available produced amount and the demand. Still, there are some doubts regarding asphalt concrete performance and mechanical properties throughout the performance temperature range  The synthetic rubber/bitumen system was investigated from a different point of view. It can be concluded that many factors can influence the performance and mechanical properties of rubberized binders including: the size and content of rubber, the chemical structure, particles surface properties (ambient granulating or cryogenically crushed tire rubber), blend production method, and temperature. A low content of rubber, around 4% (to the weight of bitumen) has almost no effect, or at least no significant effects, on the performance and mechanical properties of the binder, while more than 20% was found to be unsuitable.  In spite of the proven advantages regarding the use of polymers in bitumen modification systems, several research works showed the difficulties regarding the incompatibility with the bitumen. Phase separation could occur in such modified bitumen.  Several research works showed that the stability of the PmBs is highly dependent on the asphaltene and aromatic content of base bitumen: the less asphaltene, the more stable the modified compound that can be expected. However, polymer chemical structure and reactivity are also of paramount importance in bitumen/polymer system compatibility.
 Various solutions to remove drawbacks to currently used polymer modifiers, among which the use of chemical modifiers received great attention, have been employed in the last few decades. These solutions overcome some disadvantages of PmBs, but most cause some new problems. Thus, more research needs to be carried out in the future to solve these problems and find new ways to modify bitumen effectively and cheaply.
 Finally, few research works showed the effectiveness of waxes in improving some of the characteristics of base bitumens and modified bitumens. In addition, the presence of a determined amount of wax could improve the polymer compatibility.
Considering the variety of the conclusions, especially regarding the bitumen chemical characteristics and related engineering properties, further studies are required to be able to fully integrate the aspects related to bitumen functionality and obtain conclusions concerning many challenges on this topic.
